Nanostructure arrays-based flexible devices have revolutionary impacts on the application of traditional semiconductor devices. Here, a one-step method to synthesize flexible ZnO nanostructure arrays on Zn-plated flexible substrate in Zn(NO 3 ) 2 /NH 3 · H 2 O solution system at 70-90
Introduction
Flexible devices based on inorganic materials are beginning to show great promises for technical or commercial interests [1] [2] [3] . And in situ fabricating of inorganic materials from flexible substrate will promote the development of flexible devices [4] . Among the inorganic materials, ZnO is one of the most important wide-band-gap semiconducting materials due to optoelectronic, catalytic, lasing, electrical, and piezoelectric properties [5] [6] [7] . ZnO nanowire arrays have been broadly investigated because of their applications in solar cells [8] [9] [10] , sensors [11] [12] [13] , lasers [14] , light-emitting diodes [15, 16] , and so on [17] [18] [19] . Various physical [20] [21] [22] , chemical [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , and electrochemical methods [33] [34] [35] [36] have been developed to synthesize ZnO nanowire arrays. Among these methods, physical methods like thermal evaporation involve complex procedures, sophisticated equipment, and relative high temperature. In contrast, chemical methods, also called solution methods, have advantages in their easy procedures, simple equipment, and low temperature. Meanwhile, solution methods for preparing ZnO nanowire arrays have appealing potential for scale-up to meet the needs of industrial applications.
The generally employed solution methods reported are seeded growth on ZnO nanoparticles or film-coated substrates [37, 38] . Aligned ZnO nanowire arrays can be synthesized via a two-step process. The first step is formation of a ZnO-seeded layer by pretreated methods [24, 31, 32, 37, 38] or self-seeded technology [39] . Textured ZnO nanocrystal and ZnO thin film have been successfully demonstrated to produce large-scale ZnO nanowire arrays [24, 37, 38] . The next step is solution growth by controlling the supersaturation of the solution, through the formation of Zn 2+ complex, to retard the homogeneous nucleation in bulk solution and promote the heterogeneous nucleation onto the seeded layer [40, 41] . However, the coatings of seed layer are complex and are difficult to reproduce [42] . For self-seeded technology, seeded layers are formed onto 2 Journal of Nanomaterials the substrates from the solution in the initial growth stage which do not need any pretreatment of the substrates. And the ZnO nanowire arrays can be directly fabricated onto the substrate without pretreatment. The choices of substrates, however, are also limited by the phase match between the substrates and the ZnO nanowire arrays. Only some substrates with good phase match properties can be used [39, 43, 44] . The development of flexible devices needs novel synthesis methods of direct growth of ZnO nanoarrays onto the flexible substrates with broad choices. Therefore, ZnO nanowire or other nanostructure arrays grown on various substrates in large-scale low-cost way with high reproducibility is still challenging.
Plating technologies can be applied to various substrates, that is, polymer substrates by metalizing process, flexible metal substrates [45, 46] . And the plating layer generally has good contact with the substrate, which can guarantee the stability of device performance. There have been already some reports on fabricating ZnO nanostructures from Zn foil [43, [47] [48] [49] [50] . If Zn foil can be replaced with Zn plating layer, the growth of ZnO nanowire arrays could be extended to various substrates, not Zn foil only. Meanwhile, the electric conductive property of the Zn plating layer can meet the needs of the electrical contact with the substrates in the applications of devices. In this work, by combining the Zn plating technology and solution methods, ZnO nanowire arrays were successfully fabricated from the Zn plating layer on the flexible copper foils, which are highly conductive and have not been used as substrate for ZnO nanowire arrays. The prepared ZnO nanostructures have good contact with the substrates. The morphology of the Zn plating layer was found to have little effect on the growth of ZnO nanowire arrays. By controlling the growth parameters like concentrations of NH 3 ·H 2 O and Zn 2+ ions and growth temperature, well-aligned ZnO nanowire arrays, nanoplate arrays, and flower-like structure can be achieved, and the aspect ratio, density, and alignment of ZnO nanowires arrays can also be turned. Photoluminescence measurements were conducted to investigate the optical properties of the synthesized ZnO nanostructures, and they were determined by solution growth conditions. Zn plating technology has been maturely employed in industry and can been applied to various substrates. Thus this method is easy to scale up and applicable to various other substrates.
Experimental Sections
All chemicals were purchased from Shanghai Chemical Reagent Co, Ltd, and used as received without further purification.
Zn Plating.
Zinc plating was performed according to [51] with some modification. Nickel, stainless, and copper foils were used for demonstration as flexible substrates. The plating bath was composed of ZnCl 2 (65 g/L), KCl (190 g/L), and H 3 BO 3 (25 g/L), and pH was adjusted to 5 by 1 M hydrochloric acid. A piece of copper foil (2 cm×4 cm×1 mm) was used as cathode substrate and Zn foil as anode. The plating was performed under a constant current density of 20 mA/cm 2 , temperature 25
• C for 0.5-1 h. A white layer of Zn was covering the flexible substrates. Here, copper foils were used for experiment convenience.
ZnO Nanostructures Growth Procedures.
The syntheses were performed in a 50 ml pyrex glass bottle with a screw cap. Zn(NO 3 ) 2 was prepared to 0.03 M aqueous solution, and a certain amount of ammonia (0.1 g, 1 g) (85 wt%) was slowly added. With several minutes stirring, Zn-plated copper foil was suspended upside down in the solution. Then the bottle was sealed and heated at 80
• C for 12 h. After growth, the substrate was removed from the solution, rinsed with deionized water, and then dried at 60
• C for 6 hours. The white Zn plating layer was changed into a gray layer of ZnO.
The crystal structure analysis was carried out by powder X-ray diffraction (XRD) using Cu K α radiation at room temperature. The morphologies of the ZnO nanostructure were researched by field emission scanning electron microscopy (FESEM) with accelerating voltage of 5 KV in Sirion200 (FEI,10KV) and energy dispersive X-ray spectroscopy (EDX). Room temperature photoluminescence (PL) spectra were recorded on a JY-Labram spectrometer with a continuous wave He-Cd laser focused at ∼2 μm as the exciting source at 325 nm.
Results and Discussion
The surface morphology of the Zn layer electroplated on the copper foil is shown in Figure 1 . In Figure 1 (a), we can see that the Zn plating layer is a continuous film and is composed of hexagonal platelets. In higher magnification, scale bar 500 nm, as shown in the inset picture of Figure 1(a) , the Zn grain is highly crystalline and has smooth grain surface. This can be conformed by XRD pattern, as shown in Figure 1(b) . All the peaks can be indexed to Hexagonal Zn (JCPDS Card NO. 04-0831, space group P63/mmc) and the substrate cubic Cu (JCPDS Card NO. 04-0836, space group Fm3m). The (101) peak of Zn and (111) peak of Cu are very close, thus it is hard to distinguish those two peaks. The influences of Zn plating layer will be discussed later in mechanism section. Figure 2 (a) illustrates the low magnification SEM image of ZnO nanowire arrays grown on the Zn-plated Cu foil with using 1 g NH 3 ·H 2 O at 80
• C for 10 hours. It can be seen that ZnO nanowire arrays grow normal to the Cu substrate with fine alignment. The optical image of the arrays on the flexible Cu foil is illustrated on the inset of Figure 2 (c). It shows that as-prepared ZnO nanowires arrays are grey and cover well the flexible Cu foil. The pattern of nanowire arrays is also affected by the surface morphology of the Zn plating layer. As shown in Figure 1(a) , the surface of Zn plating layer is not smooth, with some hill-like protrusion morphology. Thus, the ZnO nanowire arrays are not uniformly covered on the Cu foil but duplicate the topography of Zn plating layer. However, the nanowire arrays vertically rise from the Zn layer as shown in higher magnification in Figures 2(b) and 2(c). Note that, with this method to produce nanowire arrays, the quality of the arrays is not affected by the roughness of the Journal of Nanomaterials In addition, to investigate the contact between the ZnO nanowire arrays and substrate, ultrasonic treatment was performed. After two minutes of treatment, the ZnO nanowire arrays were still adhered to the substrate tightly; no peel off was observed. This means good contact properties to the substrate, which would have obvious advantages in device fabrication. The crystallinity of the ZnO nanowire arrays is also investigated by the XRD methods. In Figure 2 Cu foil were show. The peaks marked with solid circles are assigned to the cubic copper (JCPDS Card NO. 04-0836, space group Fm3m). These peaks are from the copper substrate. The rest of the peaks are in agreement with the typical wurtzite structure of ZnO diffraction pattern (JCPDS Card NO. 36-1451, space group P6 3 mc). The sharp (002) peak of the ZnO nanowire indicates good crystallinity, and favorable growth direction of ZnO crystals is (002). As reported in other literatures [52] , the extrastrong (002) reflections of the ZnO nanowire also indicate good alignment of the nanoarrays. The disappearing of the reflections of Zn layer indicated that the Zn layer reacted with solution completely.
The growth of ZnO nanowire arrays is a complex way and mostly considered to be a process including the formation of a ZnO seed layer and subsequent growth of crystal. Many researches have suggested that the quality of seed layer influences the alignment and density of the ZnO nanowire arrays [53, 54] . In the first seed layer step, preseed texture layer was generally employed by most synthesis routes [23-32, 37, 38] . The self-seed method in which a seed layer is formed preceding the crystal growth during the solution reaction is a more competitive way. The preparation of ZnO nanowire arrays based on Zn metal powder or layer has been reported to be similar to self-seed methods. The seed layer in this system is formed by a reaction of converting Zn metal into ZnO. Thus the seed layer is also affected by the quality of Zn metal excluding the effects of the growth solution. This makes understanding the growth character complicated. A series of experiments were designed to understand the growth mechanism of ZnO nanowire arrays in our system. It was found that the growth of ZnO crystal depended on the amount of NH 3 ·H 2 O, reaction temperature, zinc ion concentration, and the zinc plating layer.
In order to show the influence of NH 3 ·H 2 O, different amounts (0.1 g, 1 g, and 2 g) were used, while keeping other parameters unchanged. In 0.1 g NH 3 ·H 2 O, the solution was turbid with some Zn(OH) 2 (2 g). The diameter of ZnO nanowire increased with the increase of NH 3 ·H 2 O from 100 nm to 220 nm. This may be caused by the fast growth speed of ZnO crystal in higher pH value which resulted from the increase amount of NH 3 ·H 2 O. Moreover, the alignment of ZnO nanowire arrays was also improved with the increase of ammonia addition. This is different with the result reported by Tak and Yong [49] . In their report, the alignment of the nanowire arrays degraded with much more NH 3 ·H 2 O addition due to the initial overetching and degradation of zinc seed layer in the high pH solution. However, we replaced the thermal-deposited Zn metal layer with electroplating Zn layer in our works. Commonly, the thickness of the electroplating Zn layer, several micrometers, is thicker than the thermal-deposited layer which is only in the scale of nanometer. Thus overetching can be avoided in our system. In addition, their chemical reaction activities are totally different. Compared with the thermal-deposited Zn layer, the electroplated Zn layer is easier to react with the solution due to the intrinsic crystal defects like screw dislocation. The conversion of Zn metal into ZnO reacts as follows [49, 55] [53, 54] .
To verify the deduction above, we conducted the experiment etching the Zn plating layer with different amounts of NH 3 ·H 2 O (0.1 g, 1 g) only at 80
• C for 1 h. The obtained surface morphologies of Zn layer were shown in Figure 4 , a layer of the ZnO nanoparticle was also formed but the orientation is not as good as that in 1 g NH 3 ·H 2 O. As reported by many researchers [56, 57] , the orientation of the initial ZnO layer has a strong effect on the alignment of the ZnO nanowire arrays. In our work, the increased amount of NH 3 ·H 2 O improved the orientation of the initial ZnO layer and then improved the alignments of ZnO nanowire arrays.
The growth of ZnO nanowire arrays was also conducted at different reaction temperatures. We found that the aspect ratio increased (smaller diameters) with the increase of the reaction temperature, but the density decreased. The tips of the nanowire grown at higher temperature also become sharper. In lower temperature, 70
• C, shown in Figures 3(e) and 3(f), the nanowire arrays showed average diameter of 160 nm. When heated to 90
• C the average diameter becomes smaller, ca. 90 nm. And as clearly shown in Figure 3(f) , the tips are sharper and begin to fuse together. As some other researchers have reported [58, 59] , the small but highly uniform diameter nanowires tend to bundle and align in the same growth direction and can be described by the phenomena of multiplication growth and the oriented attachment process.
The concentration of the Zinc ions was lowered to further investigate the growth of the ZnO nanowire arrays. When Journal of Nanomaterials the zinc ions were decreased to 0.003 M, while keeping NH 3 ·H 2 O 1 g unchanged, long ZnO nanowire arrays were achieved for 12-hour reaction. The SEM picture of the long ZnO nanowire arrays was shown in Figure 5 (a), the inset was enlarged image. The average diameter of the long nanowire arrays was 80 nm and the nanowires fuse together, which was similar to the nanowire arrays synthesized at 90 • C. The XRD pattern in Figure 5 (b) can be indexed to wurtzite ZnO diffraction pattern (JCPDS Card NO. 36-1451, space group P6 3 mc). The intensified (101) reflection is caused by the fusion of nanowire arrays. In addition to the ZnO reflection peaks, there also are some peaks indexed to Zn metal retained. We examined the evolution of the long nanowire arrays by different reaction times, Interestingly, two other different morphologies, flowerlike structure and nanoplate arrays were achieved in our experiments. We found a white layer deposited on the nonzinc plating side of Cu foil in the solution of 0.1 g NH 3 ·H 2 O and 0.03 M Zn(NO 3 ) 2 at 80
• C. The morphology of this white layer is illustrated in Figure 6(a) . A uniform ZnO layer with flower-like structure was observed. As shown in the inset of Figure 6 (a), the surface of the flower-like particle was composed of ZnO nanorod arrays. This is a useful structure with high surface area. The corresponding XRD pattern is shown in Figure 6 (b). All peaks can be indexed to wurtzite ZnO (JCPDS Card NO. 36-1451, space group P6 3 mc) except the peaks from the Cu substrates. The (100), (101) reflection are intensified compared with the XRD pattern of ZnO nanowire arrays. Moreover the intensities of (002) and (101) are almost the same, which is like the XRD pattern of other reported ZnO flowerlike structures. Generally, homogeneous reaction in the solution and heterogeneous on the substrate happened in the same time. When the amount of NH 3 ·H 2 O was 0.1 g, the solution was turbid, indicating the formation of Zn(OH) 2 precipitations. With the heating of the solution, Zn(OH) 2 decomposed to ZnO nuclei in the bulk solution. This process facilitated the growth of ZnO crystal in the solution. As reported by others [60, 61] , the growth of ZnO in solution makes it easy to bundle together to form flower-like structure.
In 0.1 g NH 3 ·H 2 O, 0.03 M Zn(NO 3 ) 2 condition, when the temperature increased to 90
• C, nanoplate arrays were prepared (Figure 6(c) ).The inset is the enlarged image. The thickness of the plate is 50-60 nm, and the average diameters of a single plate are several micrometers. Liu and Zeng [55] also get a hollow ZnO dandelions structure with plate-like building units using Zn metal power as substrates in higher temperature. However, they did not discuss the formation mechanism of the plate like structure. ZnO nanoplate arrays have been reported to be due to the hydrolysis of zinc hydroxide which is usually plate-like. According to the XRD pattern of different growth times (Figure 6(d)1-3) , 30 min, 3 h, and 12 h, a reflection at 29.4 degree was observed in the first 30 min stage which is indexed to Zn(OH) 2 . When the reaction continued, this reflection diminished and reflection peaks of ZnO appeared. Figure 6(d)-3 is the XRD pattern of well-developed ZnO nanoplate arrays. And it can be indexed to the hexagonal wurtzite phase ZnO (JCPDS Card NO.36-1451, space group P6 3 mc).
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The chemical reaction, in our experiments is shown in the following: (6) . For the growth of ZnO nanowire arrays, the heterogeneous nucleation took place preferentially on the ZnO seed surface due to the reduced nucleation barrier by decreasing the interface energy. In addition, we can get much more understanding of the growth of ZnO nanowire arrays if the crystal habits are considered. Wurtzite ZnO crystal is a polar crystal, exhibiting a positive polar plane that is rich in Zn (0001) and a negative polar plane that is rich in O (000-1). The growth rates of different planes are reported to be V(0001)> V(10-11)> V(1010)> V(000-1). In addition, the negative charged Zn(OH) 4 2− complex ions are preferentially adsorbed onto the positive charged (0001) Zn face and subsequently dehydrate and enter into the crystal lattice. The growth rate of the (0001) face is greatly favored, and the more rapid the growth rate, the quicker the disappearance of the basal plane. Thus, nanowire structure with elongated c-axis surrounded by six {10-10} facets is formed. While the growth rates of some {10-11} facets are relatively smaller than those of (0001), and they remained to form needle like tips.
When the amount of NH 3 ·H 2 O was increased, the stability of Zn(NH 3 ) 4 2+ complex ions was also enhanced. As a result, the supersaturation of the solution was lowered. Homogeneous nucleation in the bulk solution was prohibited in low supersaturation, and the heterogeneous nucleation and growth onto the seed layer dominated. As discussed before, the Zn(OH) 4 2− growth unit was preferentially attracted onto the (0001) positive charged plane. Monodentate ligand NH 3 can not be efficiently adsorbed onto the neutral {10-10} side faces [62] ; thus the increased amount of NH 3 could not reduce the diameter. Therefore, the growth rate of the ZnO nanowire was improved in higher amount of NH 3 ·H 2 O, and the diameter of the nanowire was also increased. At higher temperature, the decomposition rate of Zn(NH 3 ) 4 2+ complex ions was improved, which further increased the formation of the Zn(OH) 4 2− complex ions. Thus the growth along the (0001) direction was improved and the diameter of the nanowire was decreased. When we decreased the concentration of Zn 2+ ions and kept the amount of NH 3 ·H 2 O and temperature unchanged, the ratio of Zn 2+ ions to NH 3 was decreased. This resulted in further decrease in supersaturation of the solution. The homogeneous nucleation was retarded, and the heterogeneous nucleation onto the seeded ZnO crystal was promoted in addition. Also, the critical diffusion of monomers and the subsequent limited growth in the solution of lowered Zn 2+ ions concentration helped to decrease the diameter of the nanowire. Thus, in the same temperature, when the concentration of Zn 2+ ions was decreased, the diameter of as-prepared ZnO nanowire was also decreased, and much longer nanowire arrays were achieved, which is similar to the results of Lionel Vayssieres [26] .
The room temperature photoluminescence (PL) spectra of the ZnO nanowire arrays, flower-like structure, nanoplate arrays, and long nanowire arrays were measured by using a He-Cd 325 nm wavelength laser as the excitation source, as shown in Figure 7 . For the nanowire arrays, Figure 7 (a), room temperature PL spectra showed a strong UV emission around 392 nm (3.16 eV) and a broad green emission at ∼550 nm (2.25 eV). The PL spectra of flower-like structure exhibited a strong emission around 403 nm (3.07 eV) and a broad green emission at ∼550 nm (Figure 7(b) ). For the nanoplate arrays, Figure 7 (c), a strong UV emission around 383 nm (3.23 eV) and a broad green emission at ∼550 nm were observed. The long nanowire arrays, in Figure 7(d) , showed an intensive emission around 400 nm (3.09 eV), and the green emission at ∼550 nm was relativly weak. Generally, the strong UV emission ranging from 380 to 400 nm is the band-edge emission resulting from the recombination of free excitons, while the green emission centered at about 550 nm is attributed to the singly ionized oxygen vacancy, and the emission results from the radiative recombination of a photogenerated hole with an electron occupying the oxygen vacancy. The shift of the strong UV emission is contributed to an increase in crystal intrinsic defects. Lin et al. [63] have calculated the energy levels of various intrinsic defect centres, such as vacancies of oxygen and zinc, interstitial oxygen and zinc, and antisite oxygen in ZnO. The energy gap between the conduction band (Ec) and the valence band (Ev) is considered to be 3.36 eV. The emission energy of electronic transition from the bottom of the conduction band to the vacancy of zinc (V Zn ) level is 3.06 eV, and the emission energy of electronic transition from the bottom of the conduction band to the antisite oxygen (O Zn ) level is 2.38 eV. Thus, the shift of UV emission from 383 nm to 403 nm of different ZnO nanostructures indicated different contents of the vacancy of zinc in each nanostructure which was achieved in different growth conditions. In our solution synthesis, the growth units are [Zn(OH) 4 at lower temperature. Therefore, the optical properties can be turned by the growth condition in the solution methods.
Conclusion
In conclusion, Zn plating layer on the flexible substrates (copper foil for demonstration here) was successfully applied to prepare ZnO nanostructure arrays via mild solution methods (Zn(NO 3 ) 2 / NH 3 ·H 2 O solution system) in 70-90
• C. Various synthetic conditions were demonstrated to influence the nanostructure arrays. It was found that, by varying the ratio of NH 3 ·H 2 O to Zn(NO 3 ) 2 , the achieved ZnO nanostructure controllably changed from flower-like to nanowire arrays in which the seed layer formation process and diffusion rates of Zn 2+ ions played important roles. By increasing the growth temperature, or reducing the Zn • C. Moreover, we found that the pattern of ZnO nanowire arrays duplicated the surface morphology of the Zn plating layer which can be changed by controlling the electroplating parameters like electric density. Thus, a new patterning method for ZnO nanowire arrays can be developed by designing the pattern of the Zn plating layer. PL measurement has demonstrated intensive UV exciton luminescence of these ZnO structures which is in the range of 380-403 nm. Therefore, our methods provide an easier and more economic way to produce ZnO nanowire arrays on the flexible conductive substrates and will be applicable to flexible devices like solar cell and gas sensors.
